Caragana, a genus of the subfamily Papilionoideae in the Leguminosae, is a perennial leguminous shrub that is highly tolerant to drought, salt and extreme cold and grows in relatively poor or sandy, well-drained soil. In China, over 60 species have been recorded within this genus. They are often used as windbreaks to protect soils from desertification in the northern regions of China (Su et al., 2005) . They are also used for livestock forage and as high-energy firewood. Their flowers are a good source of food for bees and their seeds are used as herbal medicines (Xiang et al., 2005) .
Rhizobia are soil bacteria that fix nitrogen (diazotrophy) after becoming established inside the root nodules of legumes. Most rhizobia symbiosed with Caragana spp. growing in Liaoning Province of China have been placed within the genus Mesorhizobium (Yan et al., 2007) . This genus was established by Jarvis et al. (1997) to describe rhizobia whose growth rate was slower than the fastgrowing members of the genus Rhizobium and faster than the slow-growing members of the genus Bradyrhizobium. At the time of writing, 12 species are included in the genus Mesorhizobium (for details see http://www.bacterio.cict.fr/ m/mesorhizobium.html). In our previous studies, a group of mesorhizobia associated with Caragana spp. (designated Mesorhizobium sp. III) in the Liaoning Province of China showed unique protein and BOX-PCR patterns different from those of the recognized species of this genus (Yan et al., 2007) . In this study, two strains (CCBAU 11299 T and CCBAU 11300) representing Mesorhizobium sp. III and three additional strains (CCBAU 01502, CCBAU 01519, CCBAU 01528), isolated from Caragana intermedia in Inner Mongolia, China, a region adjacent to Liaoning Province, were studied in more detail by comparing the SDS-PAGE of whole soluble proteins, 16S rRNA gene sequences, housekeeping genes (atpD, recA and glnII), symbiotic genes (nodC and nifH), DNA-DNA hybridization and biochemical characteristics with the recognized species of the genus Mesorhizobium. Comparisons of fatty acid profiles were also made between the novel group and the recognized species of the genus. Based on the results of this polyphasic taxonomic approach, Mesorhizobium sp. III, together with the three isolates from Inner Mongolia, formed a coherent group and thus a novel species is proposed. The strains were maintained on YMA (Vincent, 1970) at 4 u C for temporary storage and in 20 % glycerol at 270 u C for long-term storage.
The five novel strains and the reference strains of the genus Mesorhizobium (Table 1) were subjected to SDS-PAGE analysis of whole-cell soluble proteins. Cellular protein extracts were prepared and electrophoretic analysis was performed as described previously (Tan et al., 1997) . Digitization, normalization and numerical analyses of the protein profiles were performed with the GelCompar II version 4.5 software (Applied Maths). The similarity between pairs of protein patterns was expressed by the Pearson's coefficient and a UPGMA dendrogram was constructed (Vauterin & Vauterin, 1992) . The strikingly similar protein patterns observed among the five novel strains indicated considerable homogeneity (see Supplementary Fig . S1a in IJSEM Online; the profile of strain CCBAU 11300 was the same as CCBAU 11299 and is therefore not shown in this figure) . However, the isolates were not duplicates as they had been isolated from different regions and different species of Caragana (Table 1) . A comparison of the protein patterns with those of other recognized species of the genus Mesorhizobium revealed that none of the protein profiles of the recognized strains were highly similar to those of the novel group (only 67 % similarity, see Supplementary Fig . S1b in IJSEM Online).
Fatty acid profiling is a popular method for characterizing the microbial communities of natural systems (Schutter & Dick, 2000) and is a useful tool for the identification of root-nodule bacteria (Tighe et al., 2000) . In this study, all the mesorhizobia were grown on YMA medium for 72 h at 28 u C and then approximately 40 mg of the well-grown cells was harvested. Fatty acid methyl esters were prepared and separated using a previously described method (Sasser, 1990) and identified with the MIDI Sherlock Microbial Identification System. The cellular fatty acid profiles of the novel group and related species of the genus Mesorhizobium are shown in Supplementary Table S1 (available in IJSEM Online). The novel group could be assigned to the genus Mesorhizobium because they lacked 20 : 3v6,9,12c and summed feature 2 (12 : 0, unknown ECL 10.928, 16 : 1 iso 1/14 : 0 3-OH) and possessed 17 : 0 iso fatty acids (Tighe et al., 2000; Wang et al., 2007) . The The 16S rRNA gene was amplified and sequenced for the five novel strains isolated from Caragana spp. using primers P1 and P6 according to the technique of Tan et al. (1997) . The sequences were aligned with those of related species of the genus Mesorhizobium using the CLUSTAL W program from the MEGA 4.0 software package (Tamura et al., 2007) . Aligned sequences were analysed using MEGA to produce a Jukes-Cantor distance (Jukes & Cantor, 1969) and to construct an optimal unrooted tree using the neighbour-joining method (Saitou & Nei, 1987) . The robustness of the tree topology was calculated from bootstrap analysis using 1000 replications of the sequences (Felsenstein, 1985) . All five novel strains had identical 16S rRNA gene sequences and were closely related to M. temperatum SDW018 T , M. mediterraneum UPM-Ca36 T and M. tianshanense USDA 3592 T (Fig. 1a) , with more than 99.5 % similarity between strain CCBAU 11299 T and these three species.
Housekeeping genes (atpD, glnI, glnII, recA, dnaK etc.) have been used in taxonomic and phylogenetic studies of rhizobia (Gao et al., 2004; Gaunt et al., 2001; Ghosh & Roy, 2006; Parker, 2004; Stepkowski et al., 2003; Turner & Young, 2000; Vinuesa et al., 2005; Wernegreen & Riley, 1999; Wang et al., 2007) . Most recently, multilocus sequence analysis (MLSA) of ten housekeeping genes was performed and the results were compared with data from DNA-DNA hybridization experiments for 34 representatives of the genus Ensifer (Martens et al., 2008) . The results obtained by Martens et al., 2008) indicated that sequencing of housekeeping genes was superior to DNA-DNA hybridization for the assessment of genetic relatedness between species of the genus Ensifer. To investigate the genomic diversity of the root nodule isolates from Caragana spp., we sequenced the variable regions of three housekeeping genes, atpD (gene encoding the ATP synthase b-subunit), recA (homologous recombination protein A) and glnII (glutamine synthetase gene) and compared them with the same genes from recognized species of the genus Mesorhizobium. In this study, PCR amplification and sequencing of partial atpD and recA genes were undertaken according to Gaunt et al. (2001) and a 600 bp intragenic fragment of glnII was amplified according to Turner & Young (2000) . The five novel Mesorhizobium strains had identical partial atpD sequences and shared 94.5 % sequence similarity with M. septentrionale SDW014 T . Strain CCBAU 11299
T had 95.6 % gene sequence similarity to M. tianshanense and 94 % similarity to M. septentrionale SDW014 T for the recA sequence. In the analysis of the partial glnII gene, the five novel strains differed by only 2 or 4 bp and showed similarity levels of ¡92.7 % with the type strains of recognized species of the genus Mesorhizobium. Neighbour-joining (NJ) trees constructed with the same methods as used for the 16S rRNA gene analysis are shown in Fig. 1b , c and d based on the respective sequences. The groupings and precise branching patterns for the three different genes were not always congruent with those found for the 16S rRNA gene sequence tree, and the bootstrap values were not always high. This may be due to the occurrence of lateral gene transfer events and the fact that fewer taxa were included for the construction of the phylogenetic trees. When further highly similar strains were added to the analysis, as studied in this research, the five novel strains clustered very closely together in each tree and the branches were supported by high bootstrap values ranging from 96 to 100 % (Fig. 1a, b, c and d) .
The symbiotic genes (nod and nif) are required for the successful establishment of highly specific symbiosis between rhizobia and legumes and are important determinants of rhizobial host specificity. Therefore, comparisons of these symbiotic genes may reveal the host ranges of rhizobia. In this study, partial sequences of the symbiotic genes nodC and nifH for the five novel strains were amplified by using the previously described primers (nodCF and nodCI, nifHF and nifHI) and PCR conditions as described by Laguerre et al. (2001) . The nodC gene sequences for the five strains isolated from Caragana were closely related, with sequence similarities ranging from 99 to 100 %. In the NJ tree (see Supplementary Fig. S2a in IJSEM Online), the five strains were closely placed to the type strains of M. tianshanense, M. temperatum and M. septentrionale and had .96.7 % nodC gene sequence similarity with these strains. The nifH gene sequence of the novel strains isolated from Caragana spp. showed sequence similarities that ranged from 98 to 100 % and showed .91.2 % sequence similarity to those of M. tianshanense, M. temperatum and M. septentrionale (see Supplementary Fig. S2b in IJSEM Online).
The high similarities between the symbiotic genes from the mesorhizobia isolated from Caragana spp. and the type strains of M. temperatum, M. septentrionale and M. tianshanense demonstrated that these strains may have common host ranges, as suggested by Laguerre et al. (2001) . Strains of M. septentrionale and M. temperatum were originally isolated from nodules of Astragalus adsurgens in Liaoning (Gao et al., 2001) , from where the Caragana microsymbionts were isolated in this study (Yan et al., 2007) . M. tianshanense A-1BS T was isolated from Glycyrrhiza pallidiflora (Chen et al., 1995) in the Xinjiang province of China, a region about 5000 km away from Liaoning. However, two strains (032B and 91X11) within the species M. tianshanense were isolated from nodules of Caragana polourensis, while strain A-1BS
T could form effective nodules with Caragana polourensis (Chen et al., 1995) . Therefore, the high sequence similarities of the symbiotic genes, especially for the nod genes, might indicate that these bacteria could share their hosts, as suggested by Laguerre et al. (2001) . To test whether the Caragana mesorhizobia shared the same hosts with these three species, cross-inoculation between these strains and the recognized Mesorhizobium species and their original hosts was performed. Seed treatment and inoculation of Caragana microphylla and Astragalus adsurgens were conducted using the standard method of Vincent (1970) . Since seeds of the original host plant, Glycyrrhiza pallidiflora, were not available, we used Glycyrrhiza uralensis as the test plant. Seeds of Glycyrrhiza uralensis were first immersed in concentrated sulfuric acid for 4 h before surface-sterilization. Seedlings inoculated with different strains were grown in a greenhouse under natural daylight for 6 weeks. The non-inoculated seedlings were used as controls and were cultured under the same conditions. The results confirmed that each of the five novel strains from Caragana spp. and the three type strains (M. tianshanense, M. temperatum and M. septentrionale) could form effective nodules on Glycyrrhiza uralensis, Caragana microphylla, Caragana intermedia and Astragalus adsurgens. The representative strain, CCBAU 11299 T , of the novel Mesorhizobium group was also used for crossnodulation tests with another 11 legume species. The results showed that only Phaseolus vulgaris, a promiscuous host to many kinds of rhizobia, could be nodulated with CCBAU 11299 T , while no nodules were found on seedlings of Glycine max, Trifolium pratense, Medicago sativa, Pisum For the determination of the DNA base composition and DNA-DNA relatedness, total DNA was extracted from each strain using the method of Marmur (1961) . Using the thermal denaturation method (Marmur & Doty, 1962) and Escherichia coli DH5a as a standard, the DNA G+C content of strain CCBAU 11299
T was found to be 59.7 mol% (T m ). This value was within the range reported for members of the genus Mesorhizobium (59-64 mol%; Jarvis et al., 1997) . DNA relatedness values between the strains of the novel group and the most closely related Mesorhizobium species were determined using the spectrophotometric method of De Ley (1970) . The DNA-DNA relatedness values between CCBAU 11299 T and recognized Mesorhizobium species ranged from 7 to 35 % (see Supplementary Table S2 in IJSEM Online) and suggested that the novel group represented a novel genomic species in the genus Mesorhizobium.
The phenotypic features of the novel group of isolates were determined and compared with those of related species of the genus Mesorhizobium according to the method described by Gao et al. (1994) . The tested features included the utilization of sole carbon and nitrogen sources, resistance to antibiotics and tolerance of NaCl, and the pH and temperature ranges for growth (Gao et al., 1994) . The distinctive features of the novel group are shown in Table 2 and further features are presented in the description of the novel species.
Based on the results obtained in this study, we believe that the five new strains represent a novel species in the genus Mesorhizobium. This species could be differentiated by SDS-PAGE of cellular proteins, fatty acid profiles, phenotypic characteristics, DNA-DNA relatedness and by the sequencing of the atpD, glnII, recA, nodC and nifH genes. The name Mesorhizobium caraganae sp. nov. is proposed for the most abundant rhizobial group, group III, represented by the five novel strains associated with Caragana spp. growing in the Liaoning Province of China.
Description of Mesorhizobium caraganae sp. nov.
Mesorhizobium caraganae (ca.ra.ga9na.e. N.L. gen. n. caraganae of Caragana, a genus of leguminous plants, referring to the rhizobium isolated from root nodules of Caragana spp.).
Gram-negative, aerobic, motile, non-spore-forming rods, 0.5 mm wide by 2-3 mm long. Colonies on yeast mannitol Resistance and sensitivity to antibiotics is shown in Table 2 and is also sensitive to (mg ml -1 ) kanamycin sulfate (100), neomycin sulfate (50), spectinomycin (50), gentamicin (50), bacitracin (300), tetracycline hydrochloride (5), chloramphenicol (50). Synthesizes the following fatty acids (full details are given in Supplementary Table S1 The type strain, CCBAU 11299 T (5LMG 24397 T 5HAMBI 2990 T ), was isolated from root nodules of Caragana microphylla growing in Beipiao city, Liaoning Province, China. The DNA G+C content of the type strain is 59.7 mol% (T m ).
